The capacitive deionization (CDI) is a potential desalination technology in which brackish water flows between electrodes; by this process, ions are generated and stored in an electrical double layer formed at the electrode surface. In this work, we report efficient electrode materials which enable the capacitive deionization system to overcome the several issues of desalination. The rGO-SnO 2 nano-composite has been fabricated by an eco-friendly and facile hydrothermal process. The synthesized composite presents an improvement in electrochemical performance and an excellent capacitance retention of 60% even at relatively high scan-rates. In a specially designed CDI cell, the synthesized nanocomposite has shown excellent cyclic performance, high reversibility, and a remarkable electrosorption capacity of 17.62 mg g
Introduction
Fresh water is quickly becoming a limited resource due to rising global demand being higher than availability. In fact, the United Nations estimates one-third of the world's population is living in water-stressed regions, and these numbers are expected to double by 2025. 1 The potential solution to the aforementioned problem is seawater desalination because more than 97% of the earth's water is seawater. 2 The desalination technology is a signicant approach to improving the quality of water. Several commendable reports on water desalination have been rated as momentous. So far, reverse osmosis (RO) and thermal processes to remove the salt ions from seawater are generally used.
3 However, they are inadequate for application on a large commercial scale due to massive energy consumption and high costs. Numerous other desalination technologies like multistage ash distillation (MSF) and electrodialysis have been developed but, they are limited in application due to the requirement of an excessive amount of energy and maintenance, and they also need complex and expensive infrastructures. 4 Instead, the capacitive deionization (CDI) has been developed as a prospective water desalination technique and pertinent solution to obtain clean water because of its energyefficient, environment-friendly and low-cost process step to remove salt ions from seawater. The working mechanism of CDI is based on the charging principle on the electrodes of an electric double-layer capacitor (EDLC); the salt ions adsorption took place at the electrodes surface where the double layer formed at e by applying a voltage and the regeneration of the electrodes when the charge is removed. 5, 6 Therefore, for practical CDI application, the development of efficient electrode materials with good absorption and desorption capacity is very vital.
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The basic mechanism of capacitive deionization (CDI) depends on good conductivity and high specic capacitance, chemical and electrochemical stability, good reversibility, wettability and fast electrosorption response of electrode materials. In view of aforementioned physiognomies, the carbon-based materials are promising candidates for efficient electrode materials for CDI. Various carbon-based materials such as activated carbon, 8 carbon aerogel, 9,10 mesoporous carbon, 11, 12 carbon nanotube, [13] [14] [15] and graphene nanomaterials 9, 16, 17 have been investigated for the electrode materials of CDI cells. Porada et al. proposed thin porous carbon wires and carbide-derived carbon electrodes for application in capacitive desalination. 18 Kuipers et al. also developed an advanced conceptual design of CDI using porous carbonelectrode cells for wireless desalination. 19 Recently, Wang et al. reported the fabrication of electrodes made up of hierarchically structured carbon nano-brous web for reducing the mass-transport limitation nearby the CDI electrodes. 20 The use of activated carbon cloth (ACC) electrodes, modied with metal oxides, has been also proposed by Ryoo et al. in order to enhance the electrosorption that led to the improvement of CDI performance. 21 The carbonaceous materials, however, are facing the main drawback of the low specic capacitance.
To overcome the problem consequently, the novel approaches in CDI technology has been developed to enhance the performance of carbon-based electrodes by incorporation of other materials.
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Several researchers have synthesized graphene-based mesoporous carbon composites as an electrode for CDI applications. 17, 24 In the typical reduction process of graphene-oxide, however, the agglomeration of graphene sheets occurs, which causes a decrement in surface area and uncontrollable pore-size distribution. 25 For example, the synthesized graphene/mesoporous carbon composite revealed an electrosorption capacity of 0.73 mg g À1 at 2.0 V. 26 To avoid this agglomeration of graphene sheets, the several approaches to suppress the re-stacking of graphene sheets have been adopted, consequently improving their CDI performance. The graphene oxide has been reduced with pyridine (also as an exfoliation agent) and the reduced graphene showed an electrosorption capacity of 0.88 mg g À1 . The 1.41 mg g À1 electrosorption capacity has been also achieved with high surface area graphene-CNT composite. 27 Recently, another approach to alleviate agglomeration of graphene sheets was reported using the aerosol, and the fabricated electrode demonstrates the promising electrosorption capacity of 3.47 mg g À1 at a voltage of 2.0 V. 28 Regardless of these achievements, further vital efforts are needed to improve the CDI performance more by fully utilizing the surface area and optimizing the pore-size distribution of graphene.
The reduced graphene-oxide (rGO) has engrossed the remarkable attention, due to its large surface areas, electrical conductivity, and signicant stability. The rGO itself has been extensively investigated as an advanced electrode material in the application of energy storage devices including the CDI technology. [29] [30] [31] Because of the aggregation of graphene sheets, however, there is a limitation in improvement of its performance. When the nano-sized metal-oxide particles are composited with rGO, the metal-oxide particles are known to intercalate into the graphene sheets, which is helpful in overcoming the aggregation problem and improving the cell performance. 30, 31 Among several metal oxides, the SnO 2 deliberated to be a potential candidate for various electrochemical applications because of its environmental-friendliness, good stability, good capacitance, and fairly low cost. 32 The rGO-SnO 2 nano-composites, as an electrode material for supercapacitors and Li-ion batteries show remarkable electrochemical performance and stability. 33, 34 In this work, we propose a simple, facile, and eco-friendly synthetic process to fabricate rGO/metal-oxide composite materials. The synthesized nano-composite has been studied as an electrode material in capacitive deionization (CDI) under different potential values. Electro-sorption performance of the synthesized nano-composite has been investigated and the role of metal oxide on the electrochemical performance has been also studied. The presence of SnO 2 nanoparticles on rGO sheets increases the surface contact and also shows distinctive improvement in electrosorption performance.
Experimental

Materials
Graphite powder, tin chloride (SnCl 2 $2H 2 O) and sodium borohydride (NaBH 4 ) were purchased from Sigma-Aldrich. NaNO 3 (99.0%) was obtained from Yakuri Pure Chemicals Co. Ltd. Japan. H 2 SO 4 (95.0%), KMnO 4 (99.3%), and H 2 O 2 (34.5%) were purchased from Samchun Chemical Co. Ltd., Korea. All the chemicals were used as received and without further purication.
Synthesis of graphene oxide
Graphene oxide (GO) was prepared from graphite powder using a modied Hummer's method. An appropriate amount of graphite akes and NaNO 3 were added into H 2 SO 4 and stirred until dissolved. Then, KMnO 4 was slowly added, and the mixture was stirred continuously for 1 h. Aer the mixture was further diluted by adding 40 mL de-ionized (DI) water slowly and heated at 90 C, H 2 O 2 was added to reduce the permanganate and manganese dioxide changing to colorless soluble manganese sulfate, and the resulting suspension was ltered.
The obtained yellow-brown suspension was exfoliated to produce single-layer graphene oxide using a sonicator, and the unexfoliated precipitation was removed by centrifugation. Finally, we obtained a brown dispersion of homogeneously exfoliated graphene oxide, as reported by Shah et al.
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Synthesis of rGO-SnO 2 composite
For the synthesis of the composites, an appropriate amount of a GO dispersed in DI water. The resulting mixture was sonicated for 2 hours. Then, a suitable amount of tin precursor, SnCl 2 -$2H 2 O and NaBH 4 were added to the dispersion under continuous stirring. The resulting mixture was vigorously stirred again for over 1 hour. The solution was then transferred to a 50 mL Teon-lined autoclave. The autoclave was placed in an oven at a constant temperature of 120 C for 12 h. The sample was then placed in the centrifuge at 9000 rpm for 5 min to separate the prepared composite from the solvent. Aer the prepared rGOSnO 2 composite powders were washed with DI water several times to remove the acidic solvent, the powders were dried at 60 C overnight.
Electrode fabrication
The rGO-SnO 2 electrode was prepared as follows. Firstly, the synthesized rGO/SnO 2 composite of 80 wt% was mixed with 10 wt% carbon black (Super P, Timcal Graphite, and carbon) as a conducting agent and a binder of 10 wt% polytetrauoro-ethylene (PTFE, Sigma-Aldrich). It was mixed again with few drops of NMP to obtain a uniform slurry. The resulting slurry was cast on carbon felt constructing a uniform lm layer of materials on the electrode. The fabricated electrode was dried in vacuum at 60 C for 12 h to remove the remaining solvent. The size of the prepared electrode was 2.5 cm Â 2.5 cm.
Electrochemical characterization of the electrodes
Cyclic voltammetry and galvanostatic charge/discharge tests were performed to examine the electrochemical properties of the rGO-SnO 2 electrode using electrochemical workstation (ZIVE SP1, WonATech, Inc.). The cyclic voltammetry was conducted using a three-electrode conguration in the electrolyte of 0.1 M, 0.5 M, or 1.0 M aqueous NaCl solution. The rGO-SnO 2 electrode was examined as the working electrode, a platinum plate was employed as a counter electrode, and a NaCl-saturated Ag/AgCl electrode was used as the reference electrode. The galvanostatic charge/discharge tests for capacitive deionization (CDI) were conducted on the symmetric two electrodes of activated rGO-SnO 2 electrodes. The specic capacitance (C S ) was calculated from cyclic voltammetry curves according to the eqn (1):
where A is the integral area in CV curve, v is the scan rate (mV s À1 ), DV is the potential window (V), and m is the mass (g) of active materials.
Desalination performance test
The desalination performance of CDI cell was examined in a ow-through batch system. The CDI module cell was composed of rGO-SnO 2 electrodes (2.5 cm Â 2.5 cm), a 200 mmthick nylon spacer, and current collectors of graphite sheets and copper plates. The cell was connected to a peristaltic pump that controlled a ow rate of 10 mL min
À1
, and a total volume of the solution was 15 mL during the test. The electrolyte with an initial concentration of 400 mg L À1 has been used, of which conductivity is 566 mS cm À1 . The NaCl content was varied from 100 mg L À1 to 1000 mg L À1 .
The deionization test was initiated with charging step, in which by applying a constant voltage to the electrode, the ion adsorption was achieved until the conductivity of solution stopped decreasing. Aer that, the captured ions were released by changing the polarity until the conductivity of the outlet solution reached the initial conductivity. During the test, the effluent conductivity was measured using a conductivity meter.
Electrosorption capacity measurement
The electrosorption capacity (S c ) of the electrode was calculated according to the eqn (2):
where
is the volume of the NaCl solution, and m [g] symbolizes the mass of active materials.
Characterization
The morphology of synthesized rGO-SnO 2 was investigated using eld-emission scanning electron microscopy (FESEM, JSM7000F JEOL). Transmission electron microscopy (TECNAI G2 instrument). The degree of crystallinity was also analyzed by X-ray diffractometer (XRD) (D8 Focus, Bruker Instruments, Germany) using Cu Ka radiation in the 2q range from 10 to 80
at a scan rate of 3 min À1 .
The chemical properties of the obtained rGO-SnO 2 nanocomposite were characterized using Fourier-transformed infra-red (FTIR) spectroscope (JASCO, FT/IR-4700). All the FTIR spectra were collected in transmittance mode in the spectral range of 400-4000 cm À1 wavenumber. Raman spectra were also taken using a Micro-Raman Spectrometer system (ALPHA 300 M, WITec, Germany). The X-ray photoelectron spectroscopy (XPS) characterization (ESCA 2000 instrument, VG Microtech, United Kingdom) was performed using an Al Ka X-ray source. All binding energy values were corrected by calibrating the C 1s peak at 284.6 eV. High-resolution peaks were de-convoluted using GaussianLorentzian functions with the identical full-width at half maxima (FWHM) and Shirley background subtraction. The Brunauer-Emmett-Teller (BET) specic surface area and porosity of the samples were also evaluated on the basis of nitrogen adsorption isotherms measured at À196 C using a gas adsorption apparatus (ASAP 2020, Micromeritics, USA).
Results and discussion
The scheme of the fabrication process of the rGO-SnO 2 nanocomposite is demonstrated in Fig. 1a . The surface of GO is negatively charged because of oxygen-containing functional groups, so positively charged Sn 2+ ions are decorated over the GO nanosheets via electrostatic attraction. From the microscopic images of Fig. 1b and c, it is evident that SnO 2 nanoparticles coexist with rGO. A high-resolution TEM (HRTEM) image of rGO-SnO 2 nano-composite shown in Fig. 1d clearly depicts that highly crystalline and a few nm-sized SnO 2 nanoparticles were obtained even with our relatively mild synthetic procedure. This TEM image also represents that the SnO 2 nanoparticles do not form any aggregates. Crystallic structures of the synthesized nanocomposite were characterized by powder X-ray diffraction (XRD) measurements. The 2q peak at of 26.5 , 33.9 , 51.8 , and 64.9 is indexed to the (110), (101), (211), and (112) crystal planes of SnO 2 , respectively, as presented in Fig. 2a . These results conrm that the synthesized SnO 2 is rutile (JCPDS card number 1-625). The GO characteristic peak, which normally appears between 10-12 of 2q value, is not evident. It conrms that the reduction of GO has proceeded. These results prove the successful synthesis of nanoscale SnO 2 particles, of which XRD peaks are broadened. The chemical composition of the synthesized materials was monitored by FTIR analysis (cf. Fig. 2b) Raman spectral analysis is also an effective approach to monitoring the signicant structural changes and state of graphene nanosheets. Fig. 2c depicts the Raman spectrum of the rGOSnO 2 nanocomposite. Two main characteristics peaks are observed at 1338 cm À1 and 1594 cm À1 , which corresponds to the D and G band of graphene, respectively. It is clearly evident that the D band has higher peak intensity than G band, which represents the reduction of graphene. The internal porosity and microstructure of the samples were investigated with nitrogen adsorption-desorption measurements. Fig. 2d represents a typical type-III isotherm with an H3 hysteresis loop of rGO-SnO 2 according to IUPAC nomenclature, which demonstrates the mesoporous nature of the rGO-SnO 2 nanoparticles identied in FESEM and TEM images. The Brunauer-Emmett-Teller (BET) specic surface area of the sample was estimated to be 172 m 2 g À1 . The BarrettJoyner-Halenda (BJH) average pore size was determined to be 15 nm, which reects the presence of mesopores in rGO-SnO 2 .
The corresponding pore volume was calculated to be 0.52 cm 3 g À1 . Dynamic contact angle measurement was used to study the wetting behaviors of the as-prepared materials is evident. The changes in the contact angles of electrodes before and aer incorporation of SnO 2 are compared in Fig. S3 . †
The X-ray photoelectron spectroscopy (XPS) was used to further characterize the chemical state of the composites. The XPS survey spectrum (see Fig. 3a) shows that the composite consists of Sn, C and O. As shown in the high-resolution C 1s XPS spectra of rGO-SnO 2 , the four peaks are de-convoluted at 284.6 eV, 286.1 eV, 287.1 eV, and 288.2 eV (cf. in Fig. 3b) . Each of the peaks is attributed to C]C, C-OH, C]O and C-O-OH, respectively. 37 The concentration of oxygen-containing groups decreased considerably in rGO-SnO 2 fabrication process due to the reduction of GO. Although the reduction mechanism of GO by NaBH 4 has not been fully investigated, it is speculated that the electron withdrawing due to NaBH 4 can facilitate the proton generation for GO reduction. 38 Moreover, oxygen functionalities also help to anchor the SnO 2 nanoparticles on the rGO sheets, to which Sn 2+ ions are attracted by the functional groups via electrostatic attraction. The high-resolution XPS spectrum of Sn 3d for rGO-SnO 2 in Fig. 3c presents a doublet at 487.5 eV and 496.0 eV, which implies that Sn is present as SnO 2 . 39 Based on the understanding of XRD data, microscopic observation, and spectroscopic characterizations, it can be concluded that the structurally regulated nano-composites of a few nm-sized SnO 2 particles on rGO can be synthesized.
Electrochemical performance
Cyclic voltammetry (CV) measurements are most important parameters for capacitance calculation of the fabricated electrode, as well as for the estimation of the electrosorption performance. Fig. 4a and b displays the CV prole of rGO and rGO-SnO 2 composite electrodes, respectively, at different scanrates from 5 mV s À1 to 100 mV s À1 in 0.5 M NaCl aqueous solutions. The effect of the SnO 2 content on the electrosorption behavior of the rGO-SnO 2 composite electrode was investigated. All introduced electrodes showed a quasi-rectangular shape and retain its shape even at the high applied potential range with no redox peaks. Suggesting the ions are attracted to the electrode surface due to columbic interactions in an electric double layer rather than redox reaction at the surface. 21 It is evident that increment in CV curve area due to of ionadsorption capacity and results in high specic capacitance. Its worth mentioning that the rGO-SnO 2 composite electrodes display better cyclic voltammetry performance than rGO at all the NaCl concentrations. These CV curves shape are symmetric in about the current-potential axes without any distortion and no redox peaks at higher scan rates, which suggests ideal electric double-layer capacitive behavior and reversibility in ion electrosorption characteristics of the electrodes.
As also noted in Fig. 4c , the CV area is changing little and saturated even with changing the NaCl concentration from 0.5 M to 1.0 M, which depicts that the rGO-SnO 2 electrode provides sufficient adsorption sites for those ion concentrations. Compared to pristine rGO, rGO-SnO 2 nano-composite has higher accessibility to accumulate a large amount of the salt ions attributing to the high wettability and hydrophilicity aer incorporating SnO 2 nanoparticles. rGO-SnO 2 nanocomposite electrode shows good electrochemical performance with increasing NaCl concentration solution which indicates high electrosorption capacity and hard saturation. Another interesting nding can be observed in Fig. 4c , all CV curves of the fabricated nanocomposite electrode illustrate that the amount of the incorporated SnO 2 into graphene plays vital role in adsorption/desorption capacity.
Based on the ion adsorption mechanism pathway in both electrodes, the excellent adsorption efficiency for the rGO-SnO 2 electrode can be attributed to: (i) incorporation of the SnO 2 nanoparticles onto rGO sheets increases the hydrophilicity, (ii) agglomeration of rGO sheet has been prevented by uniform distribution of SnO 2 nanoparticles which provide a quick and easy ions accumulation pathway on electrode surface, and (iii) polarization of pristine rGO has been reduced due to the more surface charge of SnO 2 which can be attributed to improved capacitance and ion concentration on the double-layer.
The specic capacitance (C S ) is a key factor to evaluate the CDI electrode materials behavior. The specic capacitances have been calculated from CV curves (eqn (1)) (cf. Experiment section). Generally, the specic capacitance dramatically decreases with increasing scan rate. The specic capacitances retention plot of the electrode materials corresponding to scan rates are shown in Fig. 4d . At 5 mV s À1 scan rate, the estimated specic capacitances were 48.2 F g À1 for rGO and 142.0 F g À1 for the rGO-SnO 2 electrode. Although the estimated specic capacitance decreases with increasing the scan rate, as shown in Fig. 4d , the specic capacitance values for rGO-SnO 2 electrode are always superior to those for rGO electrode. This effect of SnO 2 in rGO-SnO 2 composite electrode is possibly attributed to the increase in the specic surface area of rGO sheets when the SnO 2 nanoparticles are doped.
Desalination performance
Batch mode experiments have been performed to evaluate the desalination performances of the fabricated electrodes as shown in Fig. 5 , which were conducted in NaCl aqueous solution having an initial conductivity of 566 mS cm
À1
. Different voltages have been applied between two symmetrical electrodes in a CDI cell, and then the changes in the conductivity of the NaCl electrolyte are measured as in Fig. 6a . Namely, the decrease in the conductivity of the electrolyte is due to the capacitive deionization (or desalination) from the electrolyte by the applied potential on the electrodes. As a result of the ion removal from the electrolyte solution to the electrode surface, the conductivity of the electrolyte decreased rapidly in the rst few minutes. The available surface on the electrode for the ions to be adsorbed gradually reduces until the electrodes become saturated; this is the equilibrium point where the solution conductivity reaches a time-independent value.
In Fig. 6a , it is clearly seen that the rate of adsorption in the rst stage is faster when a higher voltage is applied. At the potential of 1.2 V, the rate of adsorption was much higher than the other electrode materials reported earlier in the literature under the same condition (see Table S1 in the ESI †).
It can be observed that the concentration of NaCl aqueous solution varies directly with the conductivity, and from this relation, the ion electrosorption behavior of electrode under specic applied potential can be studied. As shown in Fig. 6a , the plot demonstrates conductivity decrement at the initial stage, which reects initial adsorption rate of the salt ions. It shows the ion electrosorption capability of the investigated materials. When the time increases the conductivity of an effluent decreases and becomes constant, this can be attributed to the equilibrium point due to the saturation of electrode. The electrosorption capacity, calculated from the ratio of amount of salt removed at equilibrium to the weight of the active materials, is about 17.62 mg g À1 at 1.2 V. This value is higher than that of activated carbon, CNT, or any other rGO-based electrodes in other previous researches, which represents that the high porosity of the activated graphene electrode creates more accessible surface-sites for the ion adsorption. [40] [41] [42] Enhancement of the electrosorption capacity at high salt concentration is attributed to two reasons; (1) the electrochemical double layer is more compacted at high salt concentration, resulting in higher electrostatic force and therefore more ions can be adsorbed on the electrode, and (2) the stronger ionic strength accelerates the ion transportation and consequently enhances the electrosorption capacity.
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The capacitive deionization behaviors of rGO-SnO 2 and rGO electrodes were examined in 15 mL NaCl aqueous solution with an initial conductivity of 566 mS cm À1 and a ow rate of 5 mL min À1 . The conductivity variation along with desalination time on the electrode with or without SnO 2 doping on rGO is plotted in Fig. 6b when the applied voltage was 1.2 V and the desalination test was carried out for 30 min. Apparently, the rGO-SnO 2 electrodes removed the ions from the solution faster and more than the rGO only electrode. The rGO-SnO 2 electrode shows the highest electrosorption capacity of 17.62 mg g À1 , whereas the electrosorption capacity of rGO electrode is 6.3 mg g À1 . It is because the SnO 2 nanoparticles well incorporate into the graphene sheets with low agglomeration. Fig. S5 † demonstrate the electrosorption rate of rGO-SnO 2 and rGO electrodes. The desorption ability of electrode is also important as same as electrosorption capacity, which represents electrode materials regeneration rate. Fig. 6c and d presents the conductivity of the solution and the current ow, respectively, during CDI adsorption-desorption cycles on the rGO-SnO 2 and the rGO electrodes. The regeneration process of rGO-SnO 2 electrode also shows high desorption efficiency-rate than that of rGO electrode. This can be convincingly inferred by the favorable porous structure, as well as the large surface area of the rGOSnO 2 electrodes. This demonstration in this study opens the scale-up possibility of CDI devices, using the high-surface-area, stable, and porous electrode materials of rGO-SnO 2 nanocomposite.
Conclusion
Efficient, facile, and environmentally friendly synthesis of rGOSnO 2 nano-composite has been accomplished. The SnO 2 nanoparticles in rGO matrix are uniformly encapsulated with rGO sheets, and they have good morphology and high-surfacearea. The synthesized rGO-SnO 2 nano-composite, when it is used as electrode materials for symmetric CDI cell, reveals much better desalination performance than rGO. The rGOSnO 2 composite electrode demonstrates the remarkable adsorption-desorption capacity of 17.62 mg g
À1
, whereas the rGO only electrode presents only 6.3 mg g À1 . This effect of SnO 2 is possibly attributed to the increase in the specic surface area of rGO sheets when the SnO 2 nanoparticles are incorporated. The synthesized rGO-SnO 2 nano-composite can be considered as potential and efficient electrode materials on capacitive deionization for sea-water desalination.
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